Introduction
============

In addition to genetic and epigenetic alterations, metabolic reprogramming has been identified as a hallmark of numerous types of malignant tumour, as it is associated with cellular transformation and cancer progression ([@b1-mmr-19-04-2509]). Apart from altered glucose metabolism, a recent study demonstrated that cancer cells exhibit aberrant lipid metabolism to facilitate cell growth, proliferation, differentiation and motility ([@b2-mmr-19-04-2509]). As the major components of triglycerides (TGs), fatty acids (FA) serve essential roles in the synthesis of structural membranes, signalling pathways and energy homeostasis ([@b3-mmr-19-04-2509]). In energy metabolism, fatty acid oxidation (FAO) also provides an important source of reducing equivalents and ATP, which assists the survival of cancer cells ([@b4-mmr-19-04-2509]); however, FAO increases the production of reactive oxygen species (ROS) via the mitochondria ([@b5-mmr-19-04-2509]). ROS able to modify biological macromolecules, including DNA, lipids and proteins ([@b5-mmr-19-04-2509]). Additionally, the levels of ROS are upregulated in cancer cells ([@b6-mmr-19-04-2509]).

Recurrent mutations in isocitrate dehydrogenase 1/2 (IDH1/2) have been identified in gliomas, acute myeloid leukemia (AML) and chondrosarcomas ([@b7-mmr-19-04-2509]--[@b10-mmr-19-04-2509]). Wild type IDH1/2 catalyses the conversion of isocitrate to α-ketoglutarate (α-KG) via the reduction of nicotinamide-adenine dinucleotide phosphate (NADP)^+^ ([@b11-mmr-19-04-2509]), and serves important roles in the regulation of redox status, lipogenesis, glucose and amino acid metabolism ([@b12-mmr-19-04-2509]); however, it is well established that oncogenic IDH mutations promote the NADPH-dependent reduction of α-KG into 2-hydroxyglutarate (2-HG) ([@b13-mmr-19-04-2509]). As an oncometabolite, 2-HG is a competitive inhibitor of α-KG-dependent dioxygenases, including histone demethylases and 5-methylcytosine hydroxylases, which can result in complex genetic and epigenetic alterations ([@b14-mmr-19-04-2509]). The roles of wild type IDH1 in lipid biosynthesis of liver and adipose tissues have been established ([@b15-mmr-19-04-2509],[@b16-mmr-19-04-2509]) and its roles in tumorigenesis have also been investigated ([@b17-mmr-19-04-2509]). A recent study has demonstrated that D-2-HG-induced hypersuccinylation contributes to the tumorigenicity of cells with IDH mutations, consequently resulting in mitochondrial dysfunction ([@b18-mmr-19-04-2509]); however the regulatory functions of mutant IDH in lipid metabolism remain unknown.

In the present study, the effects of FAs on the growth and apoptosis of human colon carcinoma HCT116 cells with mutant IDH1 were investigated. Furthermore, ROS production and mitochondrial dysfunction were determined to identify the roles of mutant IDH1 in FA metabolism. The findings of the present study are not only important to understand the functions of mutant IDH in tumour metabolic reprogramming, but also provide novel insight into the therapeutic strategies for patients with cancer and mutant IDH.

Materials and methods
=====================

### Cell culture

The parental and IDH1 (R132H/+) HCT116 cells (Horizon Discovery, Cambridge, UK) were cultured in McCoy\'s 5A medium (cat. no. 16600082, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; cat. no. 10099141, Gibco; Thermo Fisher Scientific, Inc.) at 37°C in an atmosphere containing 5% CO~2~. The heterozygous IDH1 (R132H/+) HCT116 cells were generated from the parental cells that were transfected with the IDH1 (R132H) allele, which resulted in \>100-fold upregulation of D-2-HG compared with the parental cells ([@b19-mmr-19-04-2509]). Cells (5×10^6^) were treated with 0, 50, 100, 200 and 400 µM oleic acid (OA) or palmitic acid (PA) (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in the presence or absence of 5.5 mM glucose at 37°C for 24 h.

PA and OA were prepared with a bovine serum albumin (BSA) (Sigma-Aldrich; Merck KGaA) conjugate. Briefly, 0.25 ml 200 mM PA or OA solutions (in anhydrous ethanol) were added into 10 ml FA-free BSA (10%, A4612, Sigma-Aldrich; Merck KGaA) in PBS, and mixed gently for ≥2 h until completely dissolved. Control BSA was prepared by adding the same amount of ethanol into 10% BSA solution. BSA-FA conjugates were further diluted in medium to reach a final concentration of 0, 50, 100, 200 or 400 µM. All solutions were aliquoted and frozen at −80°C.

### MTT assay

The number of viable cells was determined using an MTT assay. The cells were plated in a 96-well culture plate. Following treatment with 0, 50, 100, 200 or 400 µM OA or PA, in the presence or absence of 5.5 mM glucose, at 37°C for 24 h, MTT solution was added at a final concentration of 0.5 mg/ml. Following 1 h of incubation at 37°C in the dark, the media were removed and purple formazan was solubilized using dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA). The solutions were collected and transferred to a 96-well plate; the absorbance was measured at a wavelength of 540 nm using a microplate reader (Thermo Fisher Scientific, Inc.).

### Propidium iodide (PI) staining

Parental and IDH1 (R132H/+) HCT116 cells were seeded at a density of 1×10^5^ cells/well on coverslips in 12-well plates and cultured in McCoy\'s 5A medium overnight. Treatment with 0, 50, 100, 200 or 400 µM OA or PA, in the presence or absence of 5.5 mM glucose, was performed at 37°C for 24 h. Medium was removed from the plates and the cells were rinsed cells twice in PBS. Staining solution containing PI (cat. no. P3566; Invitrogen; Thermo Fisher Scientific, Inc.) was added at room temperature for 5 min. Cells were viewer using a fluorescence microscope (U-RFL-T; Olympus Corporation, Tokyo, Japan) under ×1,000 magnification. The numbers of positive cells across six fields of view were counted and averaged.

### MitoTracker staining

Parental and IDH1 (R132H/+) HCT116 cells were seeded at a density of 4×10^5^ cells/well on coverslips in 12-well plates and cultured in McCoy\'s 5A medium overnight. The medium was removed from the plates and prewarmed (37°C) staining solution containing Mito Tracker Red CMXRos probe (cat. no. M7512, Invitrogen; Thermo Fisher Scientific, Inc.) was added at 37°C for 20 min. The staining solution was replaced with fresh prewarmed PBS. The PBS covering the cells was subsequently removed and replaced with 4% formaldehyde at 37°C for 15 min. Following fixation, the cells were rinsed a number of times in buffer. Nuclei were stained with Hoechst at room temperature for 2 min. Cells were viewed using a fluorescence microscope (U-RFL-T; Olympus Corporation) under ×1,000 magnification.

### Dichloro-dihydro-fluorescein diacetate (DCFH-DA) staining

Parental and IDH1 (R132H/+) HCT116 cells were seeded at a density of 1×10^5^ cells/well on coverslips in 12-well plates and cultured in McCoy\'s 5A medium overnight. Cells were treated with 400 µM OA or PA in the presence or absence of 5.5 mM glucose at 37°C for 24 h. The medium was removed from the plates and staining solution containing DCFH-DA (cat. no. S0033; Beyotime Institute of Biotechnology, Haimen, China) was added at 37°C for 20 min. The cells were rinsed twice in serum-free medium. The medium was replaced with 4% formaldehyde at 37°C for 15 min. Following fixation, the cells were rinsed twice. The nuclei were stained with Hoechst at room temperature for 2 min. Cells were viewed using a fluorescence microscope (U-RFL-T; Olympus Corporation) under ×1,000 magnification, followed by quantitative analysis using flow cytometry (FlowJo v.7.6.3; FlowJo, LLC, Ashland, OR, USA).

### Bodipy 493/503 staining

Parental and IDH1 (R132H/+) HCT116 cells were seeded at a density of 1×10^5^ cells/well on coverslips in 12-well plates and cultured in McCoy\'s 5A medium overnight. The cells were treated with 400 µM OA or PA in the presence or absence of 5.5 mM glucose at 37°C for 24 h. The cells were rinsed twice in PBS. The cells were fixed with 4% formaldehyde at 37°C for 15 min. Subsequently, the cells were rinsed twice in PBS. The PBS was removed and staining solution containing Bodipy 493/503 (Invitrogen; Thermo Fisher Scientific, Inc.) was added at room temperature for 5 min. The cells were rinsed twice. The nuclei were stained with Hoechst at room temperature for 2 min. The cells were viewed using a fluorescence microscope (U-RFL-T; Olympus Corporation) under ×1,000 magnification, followed by quantitative analysis using flow cytometry (FlowJo v.7.6.3; FlowJo, LLC).

### Determination of intracellular TG levels

The cells in each group were homogenized in lysis buffer. A volume of 200 µl cell lysate was added to 800 µl methanol/chloroform (2:1 v/v). After vigorously mixing several times, the tubes were centrifuged at 3,000 × g for 5 min. The lower phase containing lipids was removed and placed in vials, and dried under nitrogen steam. The lipids were resolved in 200 µl 2% Triton X-100 and the levels of intracellular TG in the cells were analyzed using a TG test kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan).

### Determination of malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE)

The cellular levels of MDA and 4-HNE were determined using a microscale MDA assay kit (cat. no. A003, Nanjing Jiancheng Bioengineering Institute Co., Ltd., Nanjing, China) and a 4-HNE adduct ELISA kit (cat. no. STA-838, Cell Biolabs, Inc., San Diego, CA, USA) according to the manufacturer\'s protocols.

### Determination of FAO

Parental and IDH1 (R132H/+) HCT116 cells were cultured at 37°C for 12 h in McCoy\'s 5A medium containing 10% FBS. Cells (2×10^6^) were then washed twice with Hanks\' balanced salt solution \[HBSS; 137.93 mM NaCl, 5.33 mM KCl, 4.17 mM NaHCO~3~, 0.441 mM KH~2~PO~4~, 0.338 mM Na~2~HPO~4~, 5.56 mM glucose, 0.407 mM MgSO~4~, 0.493 mM MgCl~2~ and 1.26 mM CaCl~2~ (Beyotime Institute of Biotechnology)\]. The experiments were performed in triplicate on a 12-well plate. Briefly, 500 µl HBSS containing 22 µM ^3^H-labelled OA or PA (1 µCi/well) (GE Healthcare Life Sciences, Little Chalfont, UK) with 0.5 mg/ml FA-free BSA was added into each well. Following incubation for 4 and 8 h at 37°C, the medium was collected and transferred into a glass tube, followed by extraction with 8 ml methanol/chloroform (2:1, v/v) and 0.5 ml 2 M KCl/2 M HCl. The aqueous phase containing ^3^H~2~O was transferred into a fresh tube and further extracted using methanol/chloroform (2:1 v/v) and 2 M KCl/2 M HCl solution. Subsequently, 10 ml scintillation solution (PerkinElmer, Inc., Waltham, MA, USA) was added to the aqueous phase, and radioactivity was measured using a liquid scintillation counter (L6500; Beckman Coulter, Inc., Brea, CA, USA). The rate of FAO was presented as the production of radioactive water or water-soluble metabolites at 4 and 8 h.

### Glucose consumption analysis

Parental and IDH1 (R132H/+) HCT116 cells were seeded in 24-well plates, at a density of 1×10^5^ cells/well. Following overnight incubation, the cells were cultured in McCoy\'s 5A medium with 5.5 mM glucose and 400 µM OA or PA at 37°C for 4 and 8 h. The glucose levels in the medium were determined using a high sensitivity glucose assay kit (Sigma-Aldrich; Merck KGaA) according to the manufacturer\'s protocols.

### Western blot analysis

The cells in each group were homogenized in lysis buffer \[20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, sodium pyrophosphate, β-glycerophosphate, EDTA, Na~3~VO~4~ and leupeptin\] (Beyotime Institute of Biotechnology). The protein concentrations in the soluble lysates were determined by the Bradford method (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Briefly, proteins (10--50 µg/lane) were separated by 10 and 15% SDS-PAGE and transferred onto a polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked using 5% skimmed milk at room temperature for 1 h. The membranes were incubated with each primary antibody at 4°C overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (cat. nos. NA931 and NA934; 1:5,000; GE Healthcare Life Sciences) at room temperature for 1 h. The bands were visualized using enhanced chemiluminescence substrate (Applygen Technologies, Inc., Beijing, China) and exposed using X-ray film.

The antibodies used for immunoblotting were as follows: IDH1 (R132H; 1:2,000; cat. no. D339-3; Medical & Biological Laboratories Co., Ltd., Nagoya, Japan); glucose transporter 1 (GLUT1; cat. no. 07-1401; 1:10,000; EMD Millipore); carnitine palmitoyl transferase 1 (CPT1; cat. no. CPT1L12-A; 1:5,000; Alpha Diagnostic International, Inc., San Antonio, TX, USA); cytochrome *c* (CYCS; cat. no. 556433; 1:1,000; BD Pharmingen; BD Biosciences, Franklin Lakes, NJ, USA); CYCS oxidase IV (Cox4; cat. no. YM3033; 1:1,000; ImmunoWay Biotechnology Co., Plano, TX, USA); and β-tubulin (cat. no. KM9003T; 1:1,000; Tianjin Sungene Biotech Co., Ltd., Tianjin, China).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated from cells using TRIzol^®^ (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocols. A total of 10 µg RNA was reverse-transcribed into cDNA using a Prime Script RT Master Mix kit (Takara Biotechnology Co., Ltd., Dalian, China) (conditions: 37°C for 15 min, followed by 85°C for 5 sec); qPCR was performed using SYBR^®^ Premix Ex Taq^™^ II (Takara Biotechnology Co., Ltd.) with an ABI Step One plus Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermocycling conditions used for qPCR were as follows: 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec. Each analysis was performed in three to six replicates. Primers used for RT-qPCR are presented in [Table I](#tI-mmr-19-04-2509){ref-type="table"}. The relative gene expression was normalized to the reference gene β-actin using the 2^−ΔΔCq^ method ([@b20-mmr-19-04-2509]).

### mitochondrial DNA quantification

Total DNA was extracted using the Universal Genomic DNA Extraction kit (Takara Biotechnology Co., Ltd.). The mtDNA copy number was determined using qPCR which was performed using SYBR^®^ Premix Ex Taq^™^ II (Takara Biotechnology Co., Ltd.) with an ABI Step One plus Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). Primers of the mtDNA-encoded gene NADH dehydrogenase subunit 1 (ND1) were (forward) 5′-CCCTAAAACCCGCCACATCT-3′ and (reverse) 5′-GAGCGATGGTGAGAGCTAAGGT-3′, and primers of the nuclear gene hemoglobin subunit β (HGB) were (forward) 5′-GAAGAGCCAAGGACAGGTAC-3′ and (reverse) 5′-CAACTTCATCCACGTTCACC-3′. The thermocycling conditions used for mtDNA-encoded gene ND1 qPCR were as follows: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. The thermocycling conditions used for nuclear gene HGB qPCR were as follows: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec and 56°C for 1 min. Each analysis was performed in three to six replicates. The results are presented as the ratio of mtDNA relative to nuclear DNA.

### Statistical analysis

Results were presented as mean ± standard error of the mean of at least three independent experiments. The data were analysed with an unpaired Student\'s t-test using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Mutation of IDH1 exacerbates FA-induced apoptosis in HCT116 cells

Prior to the addition of FAs, the IDH1 (R132H) mutant HCT116 cells exhibited intrinsic vulnerability to the absence of glucose absence, which was consistent with a recent study ([@b21-mmr-19-04-2509]). To investigate the roles of FA on cell viability, the parental and IDH1 mutant HCT116 cells were treated with serial concentrations of PA or OA. In the presence of 5.5 mM glucose, lower concentrations (50--200 µM) of PA or OA promoted the viability of parental and IDH1 mutant HCT116 cells, whereas a higher concentration (400 µM) notably inhibited cell viability ([Fig. 1A](#f1-mmr-19-04-2509){ref-type="fig"}); however, in the absence of glucose, a high concentration (400 µM) of OA (t=5.751, P\<0.001) or PA (t=6.029, P\<0.001) significantly suppressed the viability of IDH1 mutant HCT116 cells compared with the parental cells, while lower concentrations (50 and 100 µM) of PA significantly increased cell viability ([Fig. 1B](#f1-mmr-19-04-2509){ref-type="fig"}). Furthermore, in the absence of glucose, the results of PI staining indicated that a high concentration (400 µM) of PA or OA significantly stimulated the apoptosis of IDH1 mutant HCT116 cells compared with parental cells; however, in the presence of glucose, the percentage of apoptotic cells was markedly altered in IDH1 mutant HCT116 cells compared with the parental cells, when cultured with OA (t=5.749, P\<0.001) or PA (t=6.030, P≤0.001) ([Fig. 1C and D](#f1-mmr-19-04-2509){ref-type="fig"}). In summary, these results indicated that IDH1 mutant cells were more sensitive to FA-induced suppressed viability and apoptosis in the absence of glucose.

### Mutation of IDH1 aggravates FA-induced oxidative stress in HCT116 cells

To investigate FA-induced suppressed viability and apoptosis, the intracellular ROS levels were determined in the parental and IDH1 mutant HCT116 cells treated with PA or OA. The results of DCFH-DA staining demonstrated that the absence of glucose significantly increased OA- (t=3.479, P\<0.01) and PA (t=3.900, P\<0.01)-induced ROS production in IDH1 mutant HCT116 cells compared with parental cells ([Fig. 2A-C](#f2-mmr-19-04-2509){ref-type="fig"}). Additionally, the ROS levels in OA- or PA-treated IDH1 mutant HCT116 cells in the presence of glucose were notably increased compared with the parental cells ([Fig. 2A-C](#f2-mmr-19-04-2509){ref-type="fig"}).

Furthermore, the levels of MDA and 4-HNE, two end products of lipid peroxidation ([@b22-mmr-19-04-2509],[@b23-mmr-19-04-2509]), were significantly increased in IDH1 mutant HCT116 cells compared with the parental cells treated with OA (t=2.470, P\<0.05 and t=2.317, P\<0.05, respectively) or PA (t=2.910, P\<0.05 and t=3.842, P\<0.01, respectively) in the absence of glucose ([Fig. 2D and E](#f2-mmr-19-04-2509){ref-type="fig"}). Conversely, the addition of glucose markedly affected the levels of MDA and 4-HNE in parental and IDH1 mutant HCT116 cells ([Fig. 2D and E](#f2-mmr-19-04-2509){ref-type="fig"}). In summary, these results demonstrated that mutation of IDH1 promoted FA-induced production of ROS in HCT116 cells, in the absence of glucose.

### Mutation of IDH1 inhibits FAO and increases glucose consumption

Excess intracellular FAs are primarily stored in LDs in the form of TG ([@b24-mmr-19-04-2509]). In the present study, the results of Bodipy 493/503 staining demonstrated that there were significantly more LDs in IDH1 mutant HCT116 cells compared with in the parental cells following the treatment with OA (t=3.005, P\<0.05) or PA (t=2.927, P\<0.05) in the absence of glucose; however, the addition of glucose notably increased the number and size of LDs in parental and IDH1 mutant HCT116 cells ([Fig. 3A-C](#f3-mmr-19-04-2509){ref-type="fig"}). Quantitative analysis of intracellular TG content revealed similar results ([Fig. 3D](#f3-mmr-19-04-2509){ref-type="fig"}).

Furthermore, the oxidation of OA and PA was significantly reduced in IDH1 mutant HCT116 cells compared with parental cells ([Fig. 3E](#f3-mmr-19-04-2509){ref-type="fig"}; t=5.286, P\<0.01; and t=3.013, P\<0.05, respectively) in the absence of glucose at 8 h; however, the addition of glucose suppressed the rate of FAO in parental and IDH1 mutant cells, but the difference between the groups was not significant ([Fig. 3E](#f3-mmr-19-04-2509){ref-type="fig"}). In addition, the results demonstrated that the levels of glucose in culture media decreased more rapidly in IDH1 mutant cells compared with the parental cells, when treated with OA (t=4.714, P\<0.01 at 4 h) or PA (t=3.768, P\<0.01 at 4 h) ([Fig. 3F](#f3-mmr-19-04-2509){ref-type="fig"}), which indicated that IDH1 mutant HCT116 cells consumed more glucose than the parental cells. In summary, these results suggested that mutation of IDH1 reduced the rate of FAO, but promoted glucose consumption in HCT116 cells.

### Mutation of IDH1 disrupts the mitochondrial respiratory chain

To confirm the elevated ROS production and reduced FAO rate in IDH1 mutant HCT116 cells, mitochondrial function was further analyzed. The results of MitoTracker staining and mitochondrial DNA quantification demonstrated that the quantity of mitochondria in IDH1 mutant HCT116 cells was similar to that of the parental cells ([Fig. 4A](#f4-mmr-19-04-2509){ref-type="fig"}). Furthermore, the results of RT-qPCR indicated that the mRNA expression levels of GLUT1 were significantly increased (t=3.356, P\<0.01; [Fig. 4B](#f4-mmr-19-04-2509){ref-type="fig"}) compared with parental cells; however, that of CPT1, CYCS and Cox4 were significantly reduced in IDH1 mutant HCT116 cells (t=2.537, 2.567 and 5.039; P\<0.05, 0.05 and 0.01, respectively). The mRNA expression levels of GLUT4, CPT2, oxoglutarate dehydrogenase, citrate synthase, IDH2, IDH3a, aconitase 2 and succinate dehydrogenase complex flavoprotein subunit A were notably altered in IDH1 mutant HCT116 cells compared with in the parental cells. Immunoblotting demonstrated that the protein expression levels of GLUT1 were markedly upregulated, but the protein levels of CPT1, CYCS and Cox4 were notably downregulated in IDH1 mutant HCT116 cells treated with PA or OA in the presence or absence of glucose compared with in the parental cells, which were consistent with the results of RT-qPCR ([Fig. 4C](#f4-mmr-19-04-2509){ref-type="fig"}); reduced expression of CYCS and Cox4 in IDH1 mutant HCT116 cells indicated that the mutation of IDH1 impaired the mitochondrial respiratory chain.

Discussion
==========

ROS in cancer cells are frequently upregulated, and elevated ROS is pro-tumorigenic, consequently resulting in the activation of pro-survival signaling pathways, increased glucose metabolism, adaptation to hypoxia and the generation of oncogenic mutations ([@b25-mmr-19-04-2509]); however, toxic levels of ROS in cancer cells are also anti-tumorigenic by increasing oxidative stress and inducing tumour cell death ([@b26-mmr-19-04-2509],[@b27-mmr-19-04-2509]). In clinical practice, numerous chemotherapy drugs increase the production of ROS to toxic levels and exhaust the capacity of the antioxidant system to induce growth arrest and cell death ([@b28-mmr-19-04-2509]); thus, eliminating or elevating ROS production may be effective therapeutic strategies for the treatment of cancer.

IDH mutations have been reported in glioma, AML, enchondroma and chondrosarcoma ([@b7-mmr-19-04-2509]--[@b10-mmr-19-04-2509]). Wild type IDH1/2 catalysed the conversion of isocitrate into α-KG with the reduction of NADP^+^ and functioned in protecting cells from oxidative stress by regulating the intracellular NADP^+^/NADPH ratio ([@b11-mmr-19-04-2509]). Wild type IDH1 reduced ROS following treatment with lipopolysaccharide *in vitro* ([@b29-mmr-19-04-2509]), and IDH1-null hepatocytes also exhibited upregulated intracellular ROS; however, the oncogenic IDH mutations served a novel function to catalyse the reduction of α-KG to 2-HG by oxidizing NADPH ([@b13-mmr-19-04-2509]). A recent study indicated that 2-HG inhibited ATP synthase and mechanistic target of rapamycin signalling in glioblastoma cells, consequently inducing growth arrest and tumour cell death in the absence of glucose ([@b21-mmr-19-04-2509]). Furthermore, it was demonstrated that ROS generation was elevated in IDH1 mutant cells, and the potential mechanism was due to decreased NADPH, which may suppress the conversion of oxidized glutathione (GSH) disulfide into GSH ([@b30-mmr-19-04-2509]); however, the effects of IDH1 mutation on lipid metabolism and mitochondrial functions remain unknown.

A recent study demonstrated that cancer cells primarily cultured under serum-free conditions exhibited the ability to oxidize FA, in order to maintain respiratory and proliferative activity ([@b31-mmr-19-04-2509]). OA (C18:1) and PA (C16:0) are the most abundant dietary and plasma FAs ([@b32-mmr-19-04-2509]). As a saturated FA, PA serves prominent roles in perturbing the lipid composition in membranes, resulting in endoplasmic reticulum stress and mitochondrial dysfunction ([@b33-mmr-19-04-2509]--[@b35-mmr-19-04-2509]). In the present study, it was determined that lower concentrations (50--200 µM) of PA or OA promoted the viability of parental and IDH1 mutant HCT116 cells in the absence of glucose; however, a higher concentration of PA or OA (400 µM) induced the apoptosis and suppressed the viability of IDH1 mutant cells by increasing ROS production and lipid peroxidation in the absence of glucose. In addition, the results of the present study indicated that mutation of IDH1 inhibited FAO in HCT116 cells, resulting in increased TG accumulation in the absence of glucose.

Among the mitochondrial metabolic pathways, FAO is of particular interest as the inhibition of FAO may be a potential target for reducing tumor growth ([@b36-mmr-19-04-2509]). Regarding metabolic stress, the production of FAO-derived cytosolic NADPH by cancer cells may be key to counteract oxidative stress. In the present study, decreased β-oxidation of FA and the activity of mutant IDH may have also decreased the levels of reducing equivalents, aggravating oxidative stress in IDH mutant cells. Furthermore, during the production of ATP via oxidative phosphorylation, mitochondria are the primary intracellular producers of ROS and \~0.1--2% of the O~2~ consumed by the mitochondria is used to produce O~2~ ([@b37-mmr-19-04-2509],[@b38-mmr-19-04-2509]), particularly at the levels of complexes I and III in the mitochondrial electron transport chain (ETC). In the present study, mutation of IDH1 downregulated the expression of CYCS and Cox4 in the mitochondrial respiratory chain. As a component of the mitochondrial ETC, CYCS serves crucial roles in transferring electrons between complexes III (coenzyme Q-CYCS reductase) and IV (CYCS oxidase), and the reduced levels of CYCS and Cox4 may also contribute to the elevated mitochondrial ROS production in IDH1 mutant HCT116 cells ([Fig. 4D](#f4-mmr-19-04-2509){ref-type="fig"}). Additionally, peroxisomes are sources of cytosolic H~2~O~2~ under physiological conditions ([@b39-mmr-19-04-2509]). Furthermore, endoplasmic reticular monooxygenases, such as cytochrome P450, also contribute to increased cellular ROS levels, which promote lipid peroxidation, altered calcium homeostasis, mitochondrial dysfunction and cell apoptosis ([@b40-mmr-19-04-2509],[@b41-mmr-19-04-2509]); however, the effects of IDH1 mutations on other cellular sources of ROS require further investigation.

Accumulating oxidative damage may affect the efficiency of mitochondria and further promote the ROS generation. In order to determine the association between mitochondrial dysfunction and oxidative stress in IDH mutant cells, the essential roles of mutant IDH in regulating gene transcription were investigated in the present study. CPT1 is an transporter associated with the outer mitochondrial membrane ([@b42-mmr-19-04-2509]) and is required to transport long-chain FAs into the mitochondrial matrix ([@b43-mmr-19-04-2509]). GLUT1 facilitates the transport of glucose across the plasma membranes of mammalian cells ([@b36-mmr-19-04-2509],[@b44-mmr-19-04-2509]). In the present study, it was determined that mutation of IDH1 downregulated the expression levels of CPT1, but upregulated those of GLUT1, which coincided with reduced FAO and increased glycolysis in IDH1 mutant HCT116 cells. The aberrant expression of GLUT1 and CPT1 may be attributed to the alterations of epigenetics and hypoxia inducible factor-1 in cancer types with IDH mutation; however, their roles in tumorigenesis require further investigation ([@b45-mmr-19-04-2509]).

IDH mutations may affect cellular metabolism, epigenetics and other biochemical functions ([@b13-mmr-19-04-2509]), but their roles in lipid metabolism remain unknown. In the present study, the data indicated that mutation of IDH1 aggravated FA-induced oxidative stress in HCT116 cells by reducing FAO and disrupting mitochondrial function. These results are not only important for understanding the roles of IDH mutation in tumour metabolic reprogramming, but also provide novel insight into potential therapeutic strategies for the treatment of cancers with IDH mutation.
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![Mutation of IDH1 exacerbates the effects of fatty acids on the viability and apoptosis of HCT116 cells in the absence of glucose. Parental and IDH1 (R132H) mutant HCT116 cells were treated for 24 h with 0, 50, 100, 200 and 400 µM (A) OA or (B) PA in the presence or absence of glucose, respectively. The number of viable cells was determined by an MTT assay. Percentages of apoptotic cells were determined by propidium iodide staining. Scale bar, 50 µm. (C) Cells treated with OA; (D) Cells treated with PA. The results are presented as the mean ± standard error of the mean (n=6). \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. parental cells. IDH1, isocitrate dehydrogenase 1; OA, oleic acid; PA, palmitic acid; +Glc, presence of glucose; -Glc, absence of glucose.](MMR-19-04-2509-g00){#f1-mmr-19-04-2509}

![Mutation of IDH1 aggravates fatty acid-induced oxidative stress in HCT116 cells in the absence of glucose. Parental and IDH1 (R132H) mutant HCT116 cells were treated with 400 µM OA or PA for 24 h in the presence or absence of glucose. The intracellular reactive oxygen species levels were evaluated using (A) DCFH-DA staining and quantified using (B and C) flow cytometry. Scale bar=20 µm. The expression levels of (D) MDA and (E) 4-HNE were determined. The results were presented as the mean ± standard error of the mean (n=6). \*P\<0.05, \*\*P\<0.01 vs. parental cells. IDH1, isocitrate dehydrogenase 1; OA, oleic acid; PA, palmitic acid; DCFH-DA, dichloro-dihydro-fluorescein diacetate; +Glc, presence of glucose; -Glc, absence of glucose; MDA, malondialdehyde; 4-HNE, 4-hydroxy-2-nonenal; MFI, mean fluorescence intensity.](MMR-19-04-2509-g01){#f2-mmr-19-04-2509}

![Mutation of IDH1 inhibits FAO and increases glucose consumption in HCT116 cells. Parental and IDH1 (R132H) mutant HCT116 cells were treated with 400 µM OA or PA for 24 h, in the presence or absence of glucose. The intracellular lipid droplets were stained with (A) Bodipy 493/503 and quantified using (B and C) flow cytometry. Scale bar=20 µm. (D) Total lipids were extracted and the intracellular TG levels were determined. (E) Parental and IDH1 (R132H) mutant HCT116 cells were cultured with ^3^H-labelled OA and PA in the presence and absence of glucose. The rate of FAO was presented as the production of radioactive water or water-soluble metabolites following incubation for 4 and 8 h. (F) Parental and IDH1 (R132H) mutant HCT116 cells were treated with 400 µM OA or PA for 24 h in the presence of glucose, and the glucose levels in the media were determined. The results were presented as the mean ± standard error of the mean (n=4). \*P\<0.05, \*\*P\<0.01 vs. parental cells. IDH1, isocitrate dehydrogenase 1; OA, oleic acid; PA, palmitic acid; +Glc, presence of glucose; -Glc, absence of glucose; FAO, fatty acid oxidation; TG, triglyceride; MFI, mean fluorescence intensity; DPM, disintegrations per minute.](MMR-19-04-2509-g02){#f3-mmr-19-04-2509}

![Mutation of IDH1 impairs the respiratory chain in mitochondria. (A) Quantity of mitochondria and mtDNA in parental and IDH1 (R132H) mutant HCT116 cells were determined using MitoTracker staining and mtDNA quantification. Scale bar=20 µm. (B) mRNA levels of GLUT1, GLUT4, CPT1, CPT2, OGDH, CS, IDH2, IDH3a, ACO2, SDHA, CYCS and Cox4 in parental and IDH1 (R132H) mutant HCT116 cells were determined using reverse transcription-quantitative polymerase chain reaction. The results were presented as the mean ± standard error of the mean (n=4). \*P\<0.05, \*\*P\<0.01 vs. parental cells. (C) Parental and IDH1 (R132H) mutant HCT116 cells were treated with PA or OA for 24 h in the presence or absence of glucose. The protein levels of GLUT1, CPT1, CYCS, and Cox4 were determined using western blotting analysis. (D) Schematic diagram revealed that mutation of IDH1 aggravates fatty acid-induced oxidative stress in HCT116 cells. IDH, isocitrate dehydrogenase; OA, oleic acid; PA, palmitic acid; +Glc, presence of glucose; -Glc, absence of glucose; GLUT, glucose transporter; CPT, carnitine palmitoyl transferase; OGDH, oxoglutarate dehydrogenase; CS, citrate synthase; ACO2, aconitase 2; SDHA, succinate dehydrogenase complex flavoprotein subunit A; CYCS, cytochrome *c*; Cox4, CYCS oxidase IV; mtDNA, mitochondrial DNA.](MMR-19-04-2509-g03){#f4-mmr-19-04-2509}

###### 

Polymerase chain reaction primer sequences (human).

  Gene    Primers   Sequences (5′-3′)         Accession no.^[a](#tfn1-mmr-19-04-2509){ref-type="table-fn"}^
  ------- --------- ------------------------- ---------------------------------------------------------------
  ACTB    Forward   CCAACCGCGAGAAGATGA        NM_001101
          Reverse   CCAGAGGCGTACAGGGATAG      
  GLUT1   Forward   CTGGCATCAACGCTGTCTTC      NM_006516
          Reverse   GTTGACGATACCGGAGCCAA      
  GLUT4   Forward   TGGGCGGCATGATTTCCTC       NM_001042
          Reverse   GCCAGGACATTGTTGACCAG      
  CPT1    Forward   TCCAGTTGGCTTATCGTGGTG     NM_001876
          Reverse   TCCAGAGTCCGATTGATTTTTGC   
  CPT2    Forward   CATACAAGCTACATTTCGGGACC   NM_000098
          Reverse   AGCCCGGAGTGTCTTCAGAA      
  OGDH    Forward   GGCTTCCCAGACTGTTAAGAC     NM_001003941
          Reverse   GCAGAATAGCACCGAATCTGTTG   
  CS      Forward   TGCTTCCTCCACGAATTTGAAA    NM_004077
          Reverse   CCACCATACATCATGTCCACAG    
  IDH2    Forward   CGCCACTATGCCGACAAAAG      NM_002168
          Reverse   ACTGCCAGATAATACGGGTCA     
  IDH3a   Forward   CCCGCGTGGATCTCTAAGG       NM_005530
          Reverse   AATTTCTGGGCCAATACCATCTC   
  ACO2    Forward   CCCTACAGCCTACTGGTGACT     NM_001098
          Reverse   TGTACTCGTTGGGCTCAAAGT     
  SDHA    Forward   CAAACAGGAACCCGAGGTTTT     NM_004168
          Reverse   CAGCTTGGTAACACATGCTGTAT   
  CYCS    Forward   CTTTGGGCGGAAGACAGGTC      NM_018947
          Reverse   TTATTGGCGGCTGTGTAAGAG     
  Cox4    Forward   CAGGGTATTTAGCCTAGTTGGC    NM_001861
          Reverse   GCCGATCCATATAAGCTGGGA     

NCBI accession nos. of genes (<https://www.ncbi.nlm.nih.gov/nuccore>). ACTB, β-actin; GLUT, glucose transporter; GLUT4, glucose transporter type 4; CPT, carnitine palmitoyl transferase; OGDH, oxoglutarate dehydrogenase; CS, citrate synthase; IDH, isocitrate dehydrogenase; ACO2, aconitate hydratase, mitochondrial; SDHA, succinate dehydrogenase complex flavoprotein subunit A; CYCS, cytochrome *c*; Cox4, CYCS oxidase IV.
